Small angle X-ray scattering (SAXS) was used to quantitatively study the morphology of aligned, mono-disperse conical etched ion tracks in thin films of amorphous SiO 2 with aspect ratios of around 6:1, and in polycarbonate foils with aspect ratios of around 1000:1. This paper presents the measurement procedure and methods developed for the analysis of the scattering images and shows results obtained for the two material systems. To enable accurate parameter extraction from the data collected from conical scattering objects a model fitting the 2-D detector images was developed. The analysis involved fitting images from a sequence of measurements with different sample tilts to minimise errors which may have been introduced due to the experimental set-up.
INTRODUCTION
Our study addresses these issues by using small-angle X-ray scattering (SAXS) as the main method for characterising the etched ion track channels. SAXS has previously been used to characterise unetched cylindrical ion tracks [24] [25] [26] [27] [28] and to a lesser extent etched ion tracks in SiO 2 and the mineral apatite [11, 29, 30] , but an appropriate model for SAXS of conical etched ion tracks has not been realised. In this paper we present the analytical techniques we developed for accurately reconstructing the size and shapes of conical etched pores and apply them to two different material systems. The first example is the analysis of SAXS data from etched conical ion tracks in SiO 2 with aspect ratios around 5-7 to 1.
The second example is the application to very high aspect ratio (around 1000 to 1) narrow conical etched channels in polycarbonate (PC) foil membranes. Application of the analysis techniques to these two very different material systems illustrates the respective advantages of the analytical approaches which were developed.
The intensity pattern resulting from a scattering experiment contains information about the morphology and size distribution of the etched ion tracks. In contrast to most other types of structures measured by SAXS (such as biological molecules, proteins etc.) the ion track etched nanopores are well aligned with each other and have very narrow size distributions, as they result from the etching of ion tracks generated by monoenergetic ions with well-defined ion beam direction. With an appropriate geometric model for the etched tracks, we can thus determine the average size parameters from the scattering image recorded by the detector with high precision. Once data has been collected by SAXS, several steps must be followed to extract the parameters which describe the morphology of the structures being measured. This procedure usually involves data reduction, background subtraction, and fitting of the scattering images.
In previously published work [11] a systematic study of the dependence upon irradiation and etching conditions of ion track etching in a-SiO 2 was conducted. In [11] the SAXS technique combined with chemical etching allowed us to determine ion track etch rates in both the axial and radial directions, as well as the cone opening angles, for a range of ion energies and etchant concentrations. Data was analyzed using an average of the results obtained for a tilt sequence of measurements for each sample from an ion energy/etchant concentration series. In the present work we show in detail how this analysis technique was applied and extend it by developing three distinct analysis techniques to quantitatively analyze the size and shape of the conical etched channels. Briefly, the three analysis techniques are; (i) 2-D fit: Opening angle, length and radii of the cones are determined by the application of a 2-D fitting process on the anisotropic SAXS images recorded by the detector. The 2-D fitting routine allows simultaneous fits of two images to determine the sample tilt angles accurately.
(ii) 1-D data fit: Fit of 1-D detector image slices to determine the cone dimensions, and (iii) Angle fit function: a geometric relationship between the cone opening angle, the sample tilt angle and the angle between features in the scattering images was developed to determine the cone angles and any off-set in the tilt angles directly from the detected scattering images without the need to analyze the intensities.
The general shape of the etched channels in SiO 2 is conical as shown by SEM micrograph in Fig. 1 (a) and by the schematic view in Fig. 1 (b) . In Fig. 1 (a) the sample has been cleaved through the centre of two cones to reveal close to their full depth. A partially overlapping cone can be seen just behind the cone in the centre of the image. In Fig. 1(b) the paths of the normally incident swift heavy ions along the cone axes are indicated in red.
SEM imaging was used to confirm the general shape of the etched pores, thereby informing our choice of analytic model. The general shape of the high aspect ratio conical etched pores in polycarbonate membranes can be seen in the SEM images shown in [16, 22] . Reference [22] shows electrodeposited Cu replicas formed inside conical channels etched under similar conditions to some of the samples analysed in the present work.
The studies performed so far on etched ion tracks in SiO 2 used SEM, transmission electron microscopy (TEM) or atomic force microscopy (AFM) as the primary means for determining the etched pore morphologies [9, 12, 18, 19] . While these techniques are useful, they can potentially introduce measurement artefacts due to sample preparation, generally suffer from poor statistics due to the limited number of channels imaged and have limited accuracy in quantifying the pore dimensions. SAXS is a powerful tool for the characterisation of ion tracks [26] and nano-sized channels [11, 25, 31, 32] in many materials. It has several advantages over other characterisation techniques such as electron microscopy. The SAXS technique provides superior statistics since scattering from many structures is measured at once. For an X-ray beam spot size of 25 x 100 µm 2 and an ion fluence of 1 x 10 8 ions cm −2 , approximately 2.5 x 10 5 structures are measured simultaneously. The results so deduced are an excellent statistical representation of the whole population. SAXS is a non-destructive technique that does not introduce any measurement artefacts due to sample preparation and measures the entire pore volume. These attributes are particularly advantageous for high aspect ratio nanopores, allowing for the large number of individual samples required to adequately map the parameter space and to resolve the small changes in the pore sizes. Data acquisition times are short (in the order of 1 to 10 seconds) and the samples are measured in air so it is possible to conduct a variety of time-resolved in situ studies (for examples see [33, 34] ).
EXPERIMENTAL SiO 2 samples
SiO 2 samples were prepared from thermally grown thin films 2 µm thick using swift heavy ion irradiation followed by chemical etching as described in [11] . Irradiation with 54, 89, 185
MeV (ANU Heavy Ion Accelerator Facility) and 1.1 GeV (UNILAC linear accelerator of the GSI Helmholz Centre) Au ions was carried out at room temperature normal to the sample surface with applied ion fluences between 1x10 8 to 1x10 9 ions cm −2 to avoid significant overlap of the etched pores. The samples were subsequently chemically etched in dilute (2.5% or 5% by volume) HF, yielding parallel, almost mono-disperse conical etched channels with their axes along the trajectory of the ion tracks as shown in Fig. 1 (b) . SEM images were used to directly confirm the general morphology of the etched channels was conical, and data representative of the measured samples was chosen to illustrate the analysis techniques which were developed to characterise the etched cones and applied in [11] .
Polycarbonate samples
Polycarbonate (PC) foils (Makrofol N, Bayer AG, 30 µm thick) were irradiated with 2.2 GeV Au ions at the GSI UNILAC accelerator with a fluence of 10 6 ions cm −2 . The samples were etched in a solution of 9M sodium hydroxide (NaOH) and methanol at a temperature of 50 • C for a range of etching times from 7 to 80 minutes. To produce conically shaped pores, asymmetric etching was performed by placing the etchant on one side of the irradiated PC foil and water on the other, as described in [23] . The current flow across the membrane was monitored and etching was stopped by flushing with water after an increase in current flow was detected, indicating that the pores had etched through the PC foil. It has previously been shown that the addition of methanol to NaOH affects the ratio of the bulk etch rate to the track etch rate in PC, resulting in conically shaped etched channels [22, 23] . A series of samples was etched with varying methanol concentrations, from 0 to 95 volume per cent and the effect of methanol concentration on the cone opening angles was studied by SAXS.
SAXS measurements
SAXS measurements were performed at the SAXS/WAXS beamline of the Australian Synchrotron in Melbourne, Australia. They were performed in transmission mode with a photon energy of 12 keV and a sample to detector length of approximately 7.2 m. The images were recorded using a 2-dimensional Pilatus 1M hybrid pixel detector using exposure times between 0.5 and 5 seconds. Accurate calibration of the q range was done for each group of measurements using a Silver Behenate (AgBeh) standard following the instructions given in [35] .
Samples were mounted on a three-axis goniometer, as shown in Fig This indicates that the pore axis is close to parallel to the direction of the X-ray beam. A tilt sequence of measurements is then performed by adjusting the Pitch motor by an angle γ from 0 • to 50 • in 5 • increments (or 1 • increments for selected samples). The known tilt angle of the sample subsequent to the initial aligned position is accurate to better than 15". The γ tilt sequence enables us to determine if any offset in the initial alignment of the sample was introduced, therefore allowing more accurate determination of the extracted parameters.
To account for the effect of background scattering from air, an air shot (no sample in the path of the X-ray beam) which is taken during calibration was subtracted when analyzing the 1-D data. When using the 2-D fitting routine to fit the 2-D data a constant background is included as one of the fitting parameters. To analyze the data, a step-wise approach was adopted.
SAXS image analysis
(i) The conical shape of the etched ion tracks was confirmed by SEM. An example is shown in Fig. 1(a) .
(ii) A model for conically shaped scattering objects was developed and implemented as a numerical least squares fit of the 2-D scattering images. This method provides accurate information on the cone length, radius and opening angle.
(iii) 1-D data was extracted and fit using a hard cylinder model, revealing accurate information on the cone radii.
(iv) Relationship between γ, β, and the angle between the streaks in the scattering image φ. This method provides an independent and accurate way to measure β without needing to analyze the intensities in the scattering images.
Cone model
Interference from X-ray scattering occurs wherever there is a change in electron density in the material being studied. The detected interference pattern contains information about the size and shape of the scattering objects. Mathematically the scattering amplitude, which is related to the form factor, is a Fourier transform of the three-dimensional variation in electron density, or volume of the scattering objects. For a three-dimensional real space scattering object, the general expression for the scattering amplitude is
For monodisperse and parallel conical etched ion tracks a reference frame co-axial with the axis of the cones is chosen as shown by the dotted line labelled Z and the angle of rotation about the Z axis ψ in Fig. 3 (a) and (b). The scattering amplitude may then be given as
where ρ is the electron density of the material. We assume that the density inside the etched cones is constant. This assumption is realistic since the conical structures are hollow after track etching. For conical scattering objects of height H,
where r z is the value of the radius at any position along the Z axis and may be calculated by
where β is the half cone opening angle and ∆ρ is the density difference between the etched region of the ion track (i.e. density of air) and the surrounding un-etched material. It is assumed that there is an abrupt boundary from the interior of the etched cones to the surrounding material. Using cylindrical coordinates, the vectors q and r may be expressed
where α is the azimuthal angle of the position of |q| on the detector as shown in Fig. 3 (b) .
The product r.q is therefore
Using the cosine angle sum and difference identity this expression may be simplified to
and substituting ϕ = ψ − α, the scattering amplitude may now be given as
Because we have assumed rotational symmetry about the Z axis of the cones, the integral in the angular dimension can be solved to give
where J 0 is the Bessel function of the zero th order and q r = q x 2 + q y 2 . Evaluating the integral in the radial direction, equation 9 simplifies to
where J 1 is the Bessel function of the first order. This expression for the scattering amplitude for conical scattering objects accounts for the Z dependence of the radius along the length of the cones.
The reference frame that we choose for our real space objects (the cones) is the axis of the cones, shown in Fig. 3 denoted Z. The experimentally accessible parameters are the magnitude of the scattering vector |q|, (|q| = q r ) and the azimuth angle, α which are recorded on the 2-D detector. As the samples are tilted with respect to the X-ray beam by an angle γ about the X axis, equations 11(a) -(c) enable translation between the 2-D reference frame of the detector (Fourier space) and that of the real space objects [25] .
We numerically calculate equation 10 and use an open-source Python implementation of a least squares fitting routine (LMFIT [36] , as reported in [11] ) to fit it to the experimental data. The radius at the base of the cone, R 0 may be calculated using equation 4
Cylinder model
For the case of cylindrically shaped scattering objects of length L and with a constant radius R, the integral in equation 10 can be solved analytically to yield
where J 1 is the Bessel function of the first order [26] , and the total scattering intensity I(q)
for N scattering objects is given by
For the case of cylindrical etched ion tracks, it is appropriate to model the change of density in the radial direction as an abrupt increase at the interface between the etched region and the remaining un-etched material [30] , as for conically shaped etched tracks. To include slight variations in the density profile of the radii of an actual sample, a narrow Gaussian distribution is convoluted with the radius. The scattering intensity from an ensemble of N etched ion tracks of radius R is then given by
The cylinder model has successfully been used to characterise both un-etched ion tracks [24, 27, 33] and cylindrical etched ion tracks [30, 31] in a variety of materials. For the case of a simple cylinder the total intensity I(q) is the incoherent sum (equation 15) of the scattering contributions from all of the cylindrical pores being measured simultaneously [29] .
The cylinder model can be used as an approximation to analyse data from very small cones which show very weak oscillations (R ≤ 20 nm) and are therefore difficult to fit using the 2-D data fitting method described above. To provide an appropriate approximation in the model of the variation of the cone radii along their length, a square distribution is convoluted with the radius values along the length of the conical etch channels using the Heaviside function Θ where the width of the radius distribution W = r − r 0 , and
This provides a more realistic approximation of the variation of the cone radii along the length of the cones. As the radius variation is within each cone, the distribution is taken as the coherent sum of all the scattering contributions and the scattering intensity is given as
Relationship between the angles γ, β and φ
As is apparent from Fig. 4 , the angle between the two streaks in the scattering image is dependent on the sample tilt angle γ. Using the following relationship,
where φ is the angle between the streaks measured directly from the image as shown in Fig.   5 , we can directly determine the value of β from any of the scattering images provided we know the exact value of γ. This means that it is possible to determine β without the need to analyse the intensity versus scattering vector data which is an advantage, particularly
where the intensity values are weak and don't show any oscillations.
Because the cones are three-dimensional, there are two directions they could rotate with respect to the X-ray beam (Pitch and Yaw shown in Fig. 2) which will affect the detected Because there is a direct correlation between the tilt angles γ and ξ and the cone half opening angle β, a tilt sequence of measurements can be performed to determine any off-set in the initial alignment. γ is plotted against the values of φ measured directly from the corresponding scattering images as shown for the example given in Fig. 6 . The fit was obtained using the following relationship;
The fit to the plotted experimental data yields the cone half opening angle β, as well as any offset in the initial sample alignment in both possible directions (γ of f −set and ξ of f −set ).
RESULTS
The analysis methods developed for accurate characterisation of conical nanopores were applied to two different types of samples. (i) An example representative of the series of data presented in [11] , with R ≈ 124 nm and H ≈ 550 nm, and (ii) a series of very high aspect ratio conical channels with very small opening angles (< 3 • ) in 30 µm thick polycarbonate film. Because the pores are etched completely through the PC foil, they resemble truncated cones, however this has no impact on the results. to a pinhole scattering experiment [37] . As the real space scattering objects are tilted by an angle γ with respect to the X-ray beam, the scattering pattern in Fourier space starts to elongate until two opposite pairs of streaks begin to appear (at γ = 15 • for this measurement sequence). As γ is increased further, the angle between the arms of the streaks on the detector image begins to decrease. By substituting γ = 90 • into equation 18 and assuming ξ = 0 • we can see that if we could rotate our sample to γ = 90 • , the angle between the arms of the streaks in the scattering pattern would be equal to the half cone opening angle, [37] , i.e. β = φ.
The tilted scattering images contain information about the size and shape of the conical scattering objects. While the angle between the streaks is related to the cone opening angle, the oscillations in the streaks contain information about the cone radii. Figure 6 shows two images selected from the tilt sequence in Fig. 4 , and their calculated fits obtained with our 2-D data analysis program. The fits reproduce the experimental images very well, with even the small secondary maxima between the streaks visible.
To accurately extract the parameters from the scattering images there are two options when analyzing the 2-D data. One approach is to fit each image from the whole γ tilt sequence individually using our 2-D data model (using equation 10) and average the results over the whole sequence of measurements. This was done for the data presented in [11] . The errors were obtained from averaging the measured values over the whole tilt sequence. For the example shown in Fig. 4 using this method the value obtained for β was 12.69 ± 0.12 • , with the base radius R 0 = 124 ± 5 nm and the cone height H = 551 ± 18 nm. This method works well provided the initial alignment of the sample with the X-ray beam is accurate and any initial misalignment is small. However, for samples with wide opening angles it can be difficult to determine how well they are aligned because the isotropic aligned pattern does not change significantly until the cones are tilted by an angle approaching the size of β, as can be seen by the first three tilted images in Fig. 4 .
The second approach enables us to determine whether there is an initial off-set in the To independently determine the value of β from the scattering images of the γ tilt sequence shown in Fig. 4 , the angle φ between the streaks in each of the scattering images was measured as shown in the example given in Fig Information about the size of the cones is contained in the oscillations along the streaks.
Analysis of a 1-D data slice through a streak of the experimentally obtained image provides an alternative means for determining the pore dimensions. A narrow mask (see the white rectangle) is used to extract the data, as shown for the two examples of experimental images on the left of Fig. 6 . An air shot was used for background subtraction, and the intensity oscillations along the streaks become apparent when the data is plotted as a function of the scattering vector (as shown in Fig. 8 ), for selected tilt angles from the γ tilt sequence shown in Fig. 4 . To fit the data plotted in Fig. 8 , the hard cylinder model was used as an approximation for the cones with equation 13 representing the scattering amplitude and using the square distribution coherently summed (equation 17), the model effectively fits a series of cylinders with radii corresponding to the cone radii varying along the length. The data and fits plotted in Fig. 8 show that this model provides a very good fit for the tilted samples.
The values obtained for the cone radius and distribution width from the data plotted in intensity images for a sample etched in 9M NaOH with 30% methanol added is shown in Fig.   9 (a). Figure 9 (b) shows the scattering images for the whole series of six samples etched with varying methanol concentration (including 0%) all tilted by the same amount (γ = 10 • ). The effect of varying the methanol concentration in the etchant is clearly apparent from the difference of the angles between the streaks ( Fig. 9 (b) ). in [22] . The method used in our work takes advantage of superior statistics, since a single SAXS measurement at a fluence of 10 6 ions cm −2 simultaneously measures around 2 x 10 4 etched tracks. The effect of increasing methanol concentration on the cone opening angle can be seen in the plot shown in Fig. 12 , where the solid line shows the data trend. The addition of methanol affects the ratio of the ion track etch rate to the bulk etch rate (ν t /ν b ).
The higher the methanol concentration, the lower this ratio resulting in a larger value of β.
CONCLUSIONS
In this paper we present new techniques for the analysis of SAXS results obtained from conical mono-disperse nanochannels. These techniques are well suited to accurately extract parameters for conical etched ion tracks in SiO 2 as well as for very high aspect ratio conical etched ion tracks in polycarbonate. The two material systems studied were very different from the perspective of the aspect ratios of the conical etched channels in each, demonstrating that the analysis techniques would be applicable to pores in many other materials.
The 2-D fitting routine we developed enables us to measure the axial and radial track etch rates and the cone opening angles with high precision. The 2-D fits reproduce the experimental images very well, with even the very fine secondary features between the streaks visible. By analysing a tilt sequence of SAXS measurements, we were able to determine if there was any tilt angle off-set introduced by the experimental set-up, making sure that the deduced values of the cone opening angles were accurate to better than ± 0.1 • .
As well as the 2-D fitting, we developed an independent technique to measure the cone opening angles from a tilt sequence of measurements. By exploiting the relationship between the cone opening angle and the angle between the streaks in the scattering pattern, we can determine the cone opening angle very accurately directly from the scattering images without needing to analyse the intensities. From the measurement tilt sequence using this method we can also measure and allow for any off-set in the tilt angle, providing very high confidence in the measured values for the cone opening angles. Even if the scattering image was weak or there were no oscillations present in the streaks, we were still able to determine β with very high confidence directly from the scattering intensity images.
Fitting a slice of the 1-D data through the streak using the hard cylinder model provides an alternative method for analyzing the data. With this method we could deduce the average cone radius and compare it with the radius values obtained with the 2-D fit. This method was useful for providing a good starting point for estimates of parameters for the 2-D fit, ensuring it returned accurate results and is also well suited for automated quick analysis given the short fitting times. 
